Introduction: Because apolipoprotein E (APOE) genotypes are known risk factors for Alzheimer's disease (AD), they have been measured in clinical trial participants to determine their effect on treatment outcome. Methods: We determined APOE genotypes in a subset of subjects (N 5 415) who participated in a randomized controlled trial of vitamin E and memantine in 613 veterans with mild-to-moderate AD. Results: Similar to the primary study, substudy participants receiving vitamin E also had slower functional decline than those receiving placebo. Overall, there was no difference in the rate of functional decline between APOE ε4 allele carriers and noncarriers. A significant interaction was observed between treatment and the APOE genotype on AD progression: ε4 carriers declined faster than noncarriers in the vitamin E plus memantine treatment arm. Discussion: APOE genotypes may modulate AD treatment response and should be included in the design of future randomized controlled trials. Published by Elsevier Inc. on behalf of the Alzheimer's Association. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
The Trial of Vitamin E and Memantine in Alzheimer's Disease (TEAM-AD) was a double-blind, placebocontrolled randomized clinical trial involving 613 patients with Alzheimer's disease (AD) of mild-to-moderate severity, initiated in August 2007 and concluded in September 2012 at 14 Veterans Affairs (VAs) medical centers [1, 2] . The trial's objective was to assess the effectiveness and safety of vitamin E, memantine, and the combination for treatment of functional decline in patients with mild-to-moderate AD. Details regarding the study design and the trial findings have been previously published [1, 2] .
A subset of the TEAM-AD trial participants (N 5 415) also participated in a DNA Bank substudy that stored blood DNA for determination of apolipoprotein E (APOE) genotypes [2, 3] . In this report, we examine the role of APOE genotypes on the effect of treatment in delaying the rate of functional decline of AD.
Methods

The TEAM-AD
The Department of VAs Cooperative Studies Program designed the TEAM-AD trial (Cooperative Studies Program No. 546) as a double-blind, placebo-controlled, parallelgroup, randomized trial to assess the effectiveness of vitamin E, memantine, and the combination in delaying clinical progression in patients with AD currently taking an acetylcholinesterase inhibitor. Participants were veterans from 14 VA medical centers with a clinical diagnosis of either possible or probable AD [4] of mild or moderate severity as defined by a Mini-Mental State Examination total score between 12 and 26 inclusive [5] . Participants were randomly allocated to receive 2000 IU/d of vitamin E, 20 mg/d of memantine (Namenda), the combination, or placebo using 1:1:1:1 treatment allocation ratio. The duration of treatment ranged from 6 months to 4 years with participant follow-up every 6 months. The primary outcome measure was the Alzheimer's Disease Cooperative Study/Activities of Daily Living (ADCS-ADL) inventory [6] . The main finding of the TEAM-AD trial was that participants receiving vitamin E had slower functional decline than those receiving placebo as measured by the ADCS-ADL inventory [2] .
The DNA Bank substudy
During or after screening for the main study, eligible patients were approached about participating in the DNA Bank substudy. All participants or their surrogates provided a separate written informed consent to participate in the DNA Bank substudy. The approach and consent rates were 81% and 84%, respectively.
Extracted DNA was stored at 280 C, and APOE genotyping was performed using TaqMan assays for SNPs rs7412 (C_904973_10 Thermo Fisher) and rs429358 (C_3084793 _20 Thermo Fisher).
Statistical analysis
The DNA substudy data analysis used the primary outcome of the parent study, the ADCS-ADL inventory score, as its outcome measure. The effects of treatment and genotypes on the rate of AD function were analyzed by longitudinal repeated-measures mixed-effects models assuming missing at random, adjusted for medical center as a random effect, for baseline ADCS-ADL inventory scores, and potential confounding variables, such as age and self-reported ethnicity, specified in the footnote of each table and figure. All fitted models included time as a categorical predictor with an unstructured covariance matrix. Results are presented as least squares (LSs) means differences from baseline (with 95% confidence intervals [CIs]), representing the mean decline in function over the average follow-up period. P values are unadjusted for multiple comparisons. Data analyses were generated using SAS software, version 9.2 (SAS Institute, Cary, NC) and R, version 3.2.4 (R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org).
Results
The APOE ε2, ε3, and ε4 allele frequencies were 0.04, 0.66, and 0.30, respectively, with 50% of participants having at least one ε4 allele. The allele frequencies, genotype frequencies, and number of ε4 alleles did not differ among treatment groups (Supplementary Tables S1 and S2). Table 1 presents demographic and clinical characteristics of the substudy participants by APOE genotype. Compared with ε4 noncarriers, APOE ε4 carriers were significantly younger, less likely to be Hispanic, had a slightly higher mean AD Assessment Scale/Cognitive Subscale [7, 8] , and a slightly lower mean Charlson Risk Index score [9] , which was a baseline measure predicting 10-year mortality based on 22 comorbid conditions.
An examination of the demographic and clinical characteristics of the substudy participants vs. those who did not consent to the substudy revealed that they were similar except for Hispanic ethnicity and mean Mini-Mental State Examination scores ( Supplementary Table S3 ). Compared with those who did not participate in the DNA substudy, those who agreed to participate were more likely to be Hispanic (mainly due to high recruitment of Hispanics at the San Juan, Puerto Rico VA) and had slightly higher Mini-Mental State Examination scores.
An analysis of the main study's primary outcome in the substudy sample replicated the results of published finding in the main study ( Supplementary Table S4 ) [2] . Over the mean follow-up time of 2.40 years (standard deviation (SD) 5 1.23), the LS mean change (decline) from baseline in the ADCS-ADL inventory for the vitamin E treatment group was 3.19 units less than the decline in the placebo group (95% CI, 0.60-5.78); unadjusted P 5 .016). The annual rate of decline in ADLs was reduced by 22% with vitamin E (24.94) compared with placebo (26.30) or approximately 7.3 months over the follow-up period.
With all randomized groups combined, there was no significant difference in functional decline between participants with no ε4 alleles and those with one or more ε4 alleles ( Supplementary Table S5 ).
A significant interaction effect of treatment and the number of ε4 alleles on AD functional decline was observed ( Figure S2 ). In ε4 carriers, only participants taking vitamin E had slower decline compared with placebo: Charlson Risk Index score predicts 10-year mortality based on 22 comorbid conditions, each assigned 1, 2, 3, or 6, depending on risk of dying associated with the condition [7] . z Comorbidity Disease Index domains include cardiac, respiratory, neurologic, musculoskeletal, general (mental or emotional problems and sleep or pain disorders), cancer, diabetes, and visual problems. The domain scores are totaled to create an overall comorbidity score (1, 2, or 3 domains).
x ADCS-ADL Inventory Score: range, 0-78; higher scores 5 better functioning [6] . { MMSE score: range, 0-30; higher scores 5 better functioning [5] . # ADAS-cog score assesses cognitive function in the areas of memory, language, and praxis functions; range, 0-70: higher scores 5 worse functioning [8, 9] . **NPI score assesses frequency and severity of psychological and behavioral problems in patients with dementia; range, 0-144; higher scores 5 more frequent and/or severe behavioral problems [10] . yy CAS time measures caregiver time in caring for patients with dementia, summing total hours spent in a day on 6 caregiving tasks; range, 0-144 hours: higher scores 5 more time spent on caregiving [11] . mean (95% CI) difference of 3.39 (20.21 to 7.02) compared with placebo.
In the vitamin E, memantine, and the placebo arms, there was no difference in functional decline between ε4 carriers and noncarriers ( Supplementary Table S6 , Supplementary  Figure S1 ). However, in the combination treatment arm, ε4 carriers had significantly slower functional decline than noncarriers as measured by the ADCS-ADL inventory: the LS mean change (decline) from baseline for ε4 noncarriers was 5.90 units less than the decline in ε4 carriers (95% CI, 2.52, 9.29).
Discussion
This study examined the effects of APOE genotypes on functional decline in a subset of subjects who participated in the TEAM-AD study. The results from this substudy are consistent with results in the main study in that participants receiving vitamin E had a slower decline compared with the placebo group as measured by the ADCS-ADL.
The ε4 allele frequency (0.30) in this substudy is typical of AD case groups [12, 13] . In addition, the younger age of the ε4-positive group compared with the non-ε4 group is consistent with the age-at-onset effect typically observed in other studies [14, 15] . Although the main effect of APOE genotype on the rate of functional decline was not significant, the analyses of the relationship of APOE ε4 allele and treatment response showed an interaction effect, with ε4 carriers declining faster compared with noncarriers in the combination treatment arm, even after correction for confounding variables, for example, age, ethnicity, Charlson Index Score, and ADAS-cog. There was no signif-icant difference between ε4 carriers and noncarriers in the other three arms. The relationship between APOE genotypes and rate of decline in other studies is unclear with some showing no relationship and others showing that subjects with ε4 alleles decline faster than those without [16] .
The genetics of late-onset AD is polygenic, and over 25 loci affecting risk are known. However, APOE has been shown to have the largest effect size of any AD genetic risk factor. The APOE ε4 allele increases the risk of AD by two-fold to three-fold in heterozygous ε4 carriers and 12-fold in homozygous ε4 [17] . For other AD genetic risk variants, odds ratios are less than 3.0 with most between 1.1 and 1.4 [18] . This study was not powered to determine if these other variants influence response to vitamin E or memantine; however, APOE genotypes may be useful in determining both subject selection and predicting treatment response in future AD pharmacologic trials.
The mechanism by which APOE genotypes may influence response to vitamin E is unclear, in part because how APOE genotypes influence AD is not known. One theory is that APOE may influence AD risk though its established role in cholesterol transport [19, 20] . Certainly, because vitamin E and cholesterol share mechanisms of delivery to cells via LDL particles, vitamin E-APOE genotype interactions could involve these common uptake pathways. However, another hypothesis, not linked to vitamin E, is that APOE binds and clears amyloid b, the toxic peptide central to AD pathogenesis [17, 20] . A biological explanation of the genotype-treatment interaction demonstrated here awaits further work on the role of APOE in AD pathogenesis. 
Supplementary data
Supplementary data related to this article can be found at https://doi.org/10.1016/j.trci.2018.06.001.
RESEARCH IN CONTEXT
1. Systematic review: The authors searched the literature using PubMed for specific studies examining the relationship between apolipoprotein E (APOE) genotypes and Alzheimer's disease (AD) progression and treatment.
Interpretation:
We assessed the associations between APOE genotypes, specifically number of ε4 alleles, and clinical progression of AD as measured by the Alzheimer's Disease Cooperative Study/Activities of Daily Living Inventory and effects of vitamin E and memantine treatments. Overall, there was no difference in the rate of functional decline between APOE ε4 allele carriers and noncarriers. A significant interaction effect was observed between treatment and the APOE genotype on AD progression: ε4 carriers declined faster than noncarriers in the vitamin E plus memantine treatment arm. This may mean that the effect of these and other AD therapies are lessened depending on number of ε4 alleles.
3. Future directions: Additional research is needed to confirm the weaker treatment effect of vitamin E plus memantine in patients with AD with ε4 alleles and to explore possible basic mechanisms underlying this observation.
